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ABSTRACT
Background: As a frequent subclinical disease, fatty liver disease (FLD) is associated with a severe negative energy bal-
ance (NEB) during the early lactation period, and usually cause of economic loss to dairy farmers. Liver biopsy is the 
gold standard for the assessment of FLD. However, as an invasive procedure, liver biopsy has several limitations and such 
procedures are not readily available to dairy farmers. To further evaluate FLD in dairy cows, a FLD model of lactating 
sheep was developed by simulation of the state of negative energy balance (NEB). 
Materials, Methods & Results: Fourteen pregnancy thin-tail ewes were divided into control group (CG, n = 4), non-lamb 
restrained feeding group (NRG, n = 4) and single birth restrained feeding group (SRG, n = 6). After lambing, NRG and 
SRG ewe were received a feed restrained diet for 16 days. Liver biopsies and blood was collected on days 1, 4, 7, 10, 13, 
and 16, and biochemical parameters were analyzed. With restricted feeding and lactation administration, ewes in SRG 
showed increased liver fat concentrations (LFC) from days 4 post-administration and severe LFC was detected at day 
13. Compared with CG, SRG sheep showed significant lower concentration of serum glucose (Glu) from days 7-13 and 
higher non-esterified fatty acid (NEFA) from days 4-16, β-hydroxybutyric acid (BHBA) from days 4-16, triglyceride from 
days 4-16, low-density lipoprotein cholesterol from days 4-16, lactate dehydrogenase (LDH) from days 13-16, aspartate 
aminotransferase (AST) at days 16. While, ewes in NRG showed normal LFC levels, and high concentration of serum 
Glu and insulin from days 4-16 were detected than CG and SRG ewes. With restricted feeding, ewes in NRG and SRG 
showed significant low level of revised quantitative insulin sensitivity check index from days 4-16 and high level of liver 
total cholesterol (TC) at day 16. Liver pathological characteristics showed LFC of NEB sheep was first detected around 
the liver portal area. 
Discussion: In this study, a model of FLD in lactating thin-tail sheep was developed by restricted feeding. Serum glucose 
concentrations were sharply decreased in SRG sheep，that was due to the large energy requirements for lactation and low 
energy provided by a restricted diet. While non-lactating NRG sheep demonstrated lower fat mobilization, which was con-
sidered to contribute to the high concentrations of serum glucose, as compared to SRG sheep. Meanwhile, in a state of NEB, 
oxaloacetic acid, which is generated by glycolysis and glycogenic amino acids, tends to be used for gluconeogenesis, that a 
generous amount of NEFA is incompletely oxidized to generate ketone body in SRG sheep, which is a major component of 
BHBA. Liver TC concentrations were significantly higher in NRG sheep than those in the SRG sheep, while liver triglyc-
eride was significantly lower. The high level of liver TC in NRG sheep was considered to induce removal of triglyceride 
from the liver in the form of VLDL. Compared with CG sheep, although higher levels of liver TC were detected in SRG 
sheep on postpartum day 16, these levels were considered too low to induce significant depletion of triglycerides from the 
liver. In this study, the increase in serum AST and LDH was considered to cause by oxidative stress in mitochondria, and 
LDH concentrations was considered more sensitively than AST for LFC caused by NEB. Liver pathological characteristics 
showed that FLD caused by NEB had a major impact on reduced LFC, although no significant liver fibrosis was detected. 
While different from FLD caused by high-fat diet, TG was first accumulates around the hepatic lobules and LFC of NEB 
sheep was first detected around the liver portal area. It was considered that high concentrations of NEFA are prioritized 
for oxygenation in the liver portal area, which results in triglyceride accumulation. 
Keywords: fatty liver, sheep, negative energy balance, non-esterified fatty acid.
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INTRODUCTION
Fatty liver disease (FLD) is one of the most 
common disorders in dairy cows, especially among high 
milk-producing cattle, and affects up to 50% within the 
first few weeks postpartum [14]. Furthermore, FLD of 
dairy cows is associated with a severe negative energy 
balance (NEB) during the early lactation period as a 
consequence of insufficient energy intake to sustain 
the high energy requirements for milk production [7]. 
To counteract a NEB, fat from adipose tissue stores in 
dairy cows was mobilized to form glycerol for gluco-
neogenesis, while large quantities of non-esterified fatty 
acid (NEFA) in the blood are taken up by the liver and 
oxidized to ketone bodies or esterified to triacylglycerol, 
which leads to ketosis and FLD [12,17,18]. FLD usu-
ally causes a decrease milk yield and several secondary 
diseases including displaced abomasum and reproduc-
tive disorders, thus lead to the major economic losses 
[5,10]. Hence, further evaluations of FLD pathogenesis 
are necessary to reduce the risk of progressive liver dis-
eases. Normally, liver biopsy is the gold standard for the 
assessment of FLD due to clinical symptoms and blood 
parameters were insufficient for specific diagnosis of 
FLD [3]. However, as an invasive procedure, liver biopsy 
has several limitations like unavailable procedures for 
dairy farmers and in vivo research. Therefore, a proper 
animal model is a prerequisite for further investigations. 
In this research, a FLD model of parturition sheep was 
developed by simulation of the state of NEB. The clini-
cal status and characteristics of glycolipid metabolism 
were also analyzed. 
MATERIALS AND METHODS
Diet and feeding
Fourteen pregnancy thin-tail ewes with parities 
of 2-3 were acquired. After lambing, the ewes were 
fasted for 12 h and allowed to nurse for lamb freedom 
and were then allocated to three experimental groups: 
control group (CG, n = 4), each gave birth to a single 
lamb that remained with the ewe in individual pens 
and the ewe was received a normal diet of 2 kg peanut 
hay and 300 g concentrate (Contains 2.1 kg of Dry 
matter/d, 12.8 MJ of NEL/d) feed twice a day; non-
lamb restrained feeding group (NRG, n = 4), each 
gave birth to a single lamb that was isolated with the 
ewe after 24-h of suckling colostrum (the ewes were 
not artificially milked) and the ewe was received a 
feed restrained diet that consisted of 400 g of peanut 
hay and 60 g of concentrate (Contains 0.4 kg of Dry 
matter/d, 2.6 MJ of NEL/d) feed twice a day; single 
birth restrained feeding group (SRG, n = 6), each gave 
birth to a single lamb that remained with the ewe for 
freedom suckling and the ewe was received the same 
diet as the NRG. Ewes in all groups were fed with the 
designated diet for 16 days.
Body weight measurement, blood and liver biopsy collection
Body weight (BW) of each sheep was mea-
sured before morning feeding on days 1 (12 h postpar-
tum), 4, 7, 10, 13, and 16 using a digital scale. At these 
times, blood was collected by jugular vein puncture, 
and the serum was subsequently stored at -80°C. Then 
liver biopsies were collected through a 0.5-cm right-
side incision between the 11th and 12th rib from the 
mid-scapula to tuber coxae using a biopsy paracentesis 
needle (Cone TZ14-16)1 for triglyceride analysis. 
Liver and bile collection
On the final day of the experimental period 
(postpartum day 16), each sheep was anesthetized by 
intramuscular injection of ketamine hydrochloride (50 
mg/kg BW) and xylazine hydrochloride (50 mg/kg 
BW) and euthanized by exsanguination. After exsan-
guination, the liver was obtained, and part of the liver 
was frozen in liquid nitrogen for Oil Red O staining. 
The remaining tissue was fixed in 4% formaldehyde 
for hematoxylin/eosin (H & E) and picrosirius red 
staining. Bile was collected from the gallbladder and 
stored at -80°C for further analysis.
Analysis of biochemical parameters
Blood biochemical parameters, including 
serum glucose (Glu), NEFA, β-hydroxybutyric acid 
(BHBA), triglyceride, total cholesterol (TC), low-
density lipoprotein cholesterol (LDL-C), aspartate 
aminotransferase (ALT), aspartate aminotransferase 
(AST), alkaline phosphatase (ALP), cholinesterase 
(CHE), lactate dehydrogenase (LDH), and bile TC 
and total bile acids (TBA) were analyzed using a 
biochemical kit2 using an automatic clinical analyzer 
(Synchron DXC800)3. Serum insulin was analyzed 
using an enzyme-linked immunosorbent kit4. The 
revised quantitative insulin sensitivity check index 
(RQUICKI) was calculated as described by Holtenius 
and Holtenius [9]. Liver triglyceride, glycogen and TC 
were analyzed using a kit4. 
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Statistical analysis
All data were analyzed using SPSS statistical 
software (version 19.0) and the results are presented 
as means ± SD. Differences in BW, blood biochemical 
parameters, and liver triglyceride levels were identified 
by repeated measures analysis of variance. Glycogen 
and TC levels in bile and liver were analyzed using the 
post-hoc Duncan’s multiple range tests. P < 0.05 was 
presented statistically significant. 
RESULTS
Clinical symptoms and liver biopsies
The BW of ewes in the SRG was dramatically 
lower than CG from postpartum day 10 (Figure 1), 
and there was no significant difference between SRG 
and NRG during the experimental period. As show in 
Figure 1, hepatic triglyceride levels were significantly 
increased in the SRG than the CG and NRG, and there 
was no significant difference in values between the CG 
and NRG sheep.
Biochemical parameters of plasma, liver and bile
As shown in Figure 2, CG sheep had stable se-
rum glucose concentration during the entire experimen-
tal procedure, and there were no significant differences 
in the NRG and CG sheep during the experimental 
period, except for postpartum days 7 and 13 (P = 0.010 
and 0.039, respectively). Compared with CG, serum 
Figure 1. Body weight and liver triglyceride on postpartum days 1, 4, 7, 
10, 13, and 16 in the CG, NRG, and SRG. [*P < 0.05 ≥ 0.01; **P < 0.01].
glucose concentration in SRG sheep was significantly 
lower on postpartum days 7 and 10 (P = 0.040 and 
0.046, respectively). Serum NEFA concentration in the 
SRG sheep was significantly higher than in the CG and 
NRG sheep after postpartum day 4 and serum BHBA 
in SRG sheep sharply increased during initial lactation 
stage and these high concentrations were maintained 
during the experimental period. NEFA concentrations 
in NRG sheep were only significantly higher than in the 
CG sheep on postpartum days 7 and 10 (P = 0.025 and 
0.026, respectively), while there were no significant 
differences in BHBA concentrations between ewes in 
the NRG and CG during the entire experimental period.
Figure 2. Serum glucose, non-esterified fatty acid (NEFA), and 
β-hydroxybutyric acid (BHBA) concentrations at postpartum days 1, 4, 7, 10, 
13, and 16 days in the CG, NRG, and SRG. [*P < 0.05 ≥ 0.01; **P < 0.01].
As shown in Figure 3, serum triglyceride con-
centrations in SRG sheep sharply increased during the 
early period of lactation and were significantly higher 
than in CG sheep during the experimental period. Se-
rum triglyceride concentrations were higher in NRG 
sheep than in CG sheep, but there was no significant 
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difference detected between these two groups. Serum 
LDL-C concentrations were high in SRG compared 
with the CG and a significant difference between NRG 
and CG was detected on postpartum day 7 (P = 0.012), 
while there were no significant differences between 
NRG and SRG, except for postpartum day 16 (P = 
0.017). Serum TC concentrations in the restricted feed 
groups were higher than those in the CG, while there 
was no significant difference among the three groups. 
As shown in Figure 4, Serum AST concentra-
tions in SRG sheep were significantly higher than in 
CG sheep on postpartum day 16 (P = 0.026). Serum 
LDH concentrations in the SRG sheep were signifi-
cantly higher than in other groups on postpartum day 
13 and 16. There were no significant differences in 
serum concentrations of ALT, CHE, and ALP among 
the three groups (data not shown).
In the present study, serum insulin and 
RQUICKI were also analyzed. As shown in Figure 5, 
although serum insulin concentrations in SRG sheep 
were higher than those in the CG, there was no sig-
nificant difference detected. The RQUICKI values in 
CG sheep were significantly higher than those in other 
groups after postpartum day 4. There were no signifi-
cant differences in RQUICKI values among sheep in 
the two restricted feeding groups. 
Biochemical parameters of the liver and bile 
were only analyzed using samples obtained on post-
partum day 16. As shown in Table 1, there were no 
significant differences in hepatic glycogen and bile 
TC and TBA concentrations among the three groups. 
TC levels in the livers of NRG sheep were higher than 
in other groups, while levels in the SRG sheep were 
significantly higher than in CG sheep.
Pathological changes in the liver
As shown in Figure 6, livers from the CG and 
NRG sheep demonstrated normal hepatocytic texture 
with a radiated hepatic cord and sinusoids around the 
hepatic lobule. While liver histopathological analyses 
of SRG sheep showed differences in the LFCs, those 
of NEB sheep tended to accumulate around the portal 
area. Oil red O staining of FLD can clearly display 
the tendency of LFC spread from the liver portal area 
to the hepatic lobule. In this study, picrosirius red was 
employed to assess the degree of liver fibrosis and 
steatohepatitis, which revealed no significant fibrosis 
among the four groups [13].
Figure 3. Serum triglyceride, low-density lipoprotein (LDL-C), and total 
cholesterol (TC) concentrations at postpartum days 1, 4, 7, 10, 13, and 16 
days in the CG, NRG, and SRG. [*P < 0.05 ≥ 0.01; **P < 0.01].
Figure 4. Serum aspartate aminotransferase (AST) and lactate dehydroge-
nase (LDH) concentrations at postpartum days 1, 4, 7, 10, 13, and 16 days 
of CG, NRG, and SRG. [*P < 0.05 ≥ 0.01; **P < 0.01].
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Table 1. Analysis of biochemical parameters in the bile and liver. 
CG (n = 4) NRG (n = 4) SRG (n = 6)
Bile
TC (mmol/L) 0.45 ± 0.06 0.27 ± 0.12 0.43 ± 0.12 
TBA (μmol/L) 304.8 ± 2.3 307.8 ± 1.2 318.0 ± 8.8 
Liver
Glycogen (mg/g) 4.41 ± 2.52 2.70 ± 0.81 2.81 ± 0.48 
TC (μmol/g) 7.6 ± 3.42a 21.58 ± 2.31b 14.08 ± 3.79c
Values are presented as the mean ± SD; values within a row that do not share a common superscript 
are significantly different (P < 0.05).
Figure 6. Representative liver images of H & E, Oil Red O, and picrosirius red staining in CG, NRG, and 
SRG sheep. H & E and oil Red O staining images (40× magnification), picrosirius red staining images 
(100× magnification). Thin arrow, liver portal area; thick arrow, hepatic lobules.
Figure 5. Serum insulin and revised quantitative insulin sensitivity check 
index (RQUICKI) aspartate aminotransferase levels at postpartum days 1, 4, 
7, 10, 13, and 16 days in CG, NRG, and SRG. [*P < 0.05 ≥ 0.01; **P < 0.01].
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DISCUSSION
Based on the characteristics of NEB [1], a 
model of FLD in lactating thin-tail sheep was devel-
oped by restricted feeding. With restriction feeding, 
serum glucose concentrations were sharply decreased 
in SRG sheep compared to controls，that was due to the 
large energy requirements for lactation and low energy 
provided by a restricted diet. SRG sheep showed the 
lowest RQUICKI index value indicated decreased insu-
lin sensitivity [9]. Serious NEB and LFCs were possi-
bly caused by decreased insulin sensitivity of the liver, 
which led to inhibition of glucose utilization [8,4]. 
In this study, lactating sheep required high glucose 
precursors intake to maintain milk production. While 
non-lactating NRG sheep demonstrated lower fat mobi-
lization, which was considered to contribute to the high 
concentrations of serum glucose, as compared to SRG 
sheep [6]. Under normal conditions, acetylcoenzyme 
A, a metabolite of NEFA, can be completely oxidized 
by oxaloacetic acid to produce adenosine triphosphate. 
Meanwhile, in a state of NEB, oxaloacetic acid, which 
is generated by glycolysis and glycogenic amino acids, 
tends to be used for gluconeogenesis [11]. However, a 
generous amount of NEFA is incompletely oxidized to 
generate ketone body, which is a major component of 
BHBA. With restricted feeding, an increase in serum 
NEFA among NRG sheep was also detected during the 
early stage of lactation, but serum glucose remained 
relatively high without milking, indicating complete 
oxidation of NEFA. 
In the liver, some NEFA is esterified to gener-
ate triglycerides, phosphatides, and cholesterol ester. 
These three metabolites are then discharged from the 
liver to the blood in the form of very low density lipo-
protein (VLDL). In the blood, following the dissocia-
tion of triglyceride, VLDL is gradually metabolized 
to LDL-C [14]. As shown in Table 1, compared with 
controls, liver TC concentrations were significantly 
higher in NRG sheep than those in the SRG sheep, 
while liver triglyceride were significantly lower. As 
a result, an abnormal secretion of liver TC in SRG 
sheep was considered. The high level of liver TC in 
NRG sheep was considered to induce removal of TGs 
from the liver in the form of VLDL. Compared with 
CG sheep, although higher levels of liver TC were 
detected in SRG sheep on postpartum day 16, these 
levels were considered too low to induce significant 
depletion of triglycerides from the liver. In consider-
ation of the biochemical parameters in SRG sheep, high 
serum NEFA concentrations generate high levels of 
BHBA and TGs in the liver, but compared with NRG 
sheep, low concentrations of TC in SRG sheep were 
detected in the liver and serum, which we considered 
as a contributing factor of triglyceride accumulation 
in the livers of SRG sheep. This status is considered 
unfavorable for TC synthesis in a state of NEB because 
of energy requirements for TC synthesis. 
In this study, the increase in serum AST and 
LDH was considered to cause by oxidative stress in 
mitochondria [15,16]. Dysregulation of serum AST 
and LDH is considered a characteristic of FLD in 
dairy cows. While in this study, LFC was elevated on 
postpartum day 4, but a significant increase in serum 
LDH was detected on postpartum day 13. Thus, it 
appears that high serum AST and LDH concentra-
tions signify prolonged periods of LFC, and LDH 
concentrations was considered more sensitively than 
AST for LFC caused by NEB. In this study, liver 
pathological characteristics showed that FLD caused 
by NEB had a major impact on LFC, although no 
significant liver fibrosis was detected. While differ-
ent from FLD caused by high-fat diet, TG was first 
accumulates around the hepatic lobules and LFC of 
NEB sheep was first detected around the liver portal 
area [2,19]. The venous blood in the hepatic lobules 
had low oxygenation concentrations which conveyed 
a weak oxidizing effect on fat that usually leads to 
accumulation of triglyceride by administration of a 
high fat diet. The liver portal area is composed of the 
hepatic artery, portal vein, and bile duct. Peripheral 
blood, which contains abundant nutrients and oxygen, 
is preferably metabolized at the liver portal area, and 
the metabolites are then transported to the hepatic 
lobule or discharged through the bile duct. In the NEB 
state, high concentrations of NEFA are prioritized for 
oxygenation in the liver portal area, which results in 
triglyceride accumulation. However, to clarify this 
pathological characteristics caused by LFC in the 
portal area will require further research.   
CONCLUSIONS
FLD of sheep was induced by restricted feed-
ing and lactation administration. Sheep accumulated 
significant LFC by postpartum day 4 and severe LFC 
was detected 10-13 days after initiation of the restricted 
diet. SRG sheep showed a severe NEB that significant 
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low levels of serum glucose and high levels of NEFA 
and BHBA were detected, but blood biochemical 
parameters were questionable for evaluating the se-
verity of LFC, and a high level serum LDH and AST 
concentrations signify prolonged LFC accumulation.
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